Aim: Increased inflammatory signaling in microglia is implicated in the pathogenesis of neurodegenerative diseases, trauma, psychiatric disorders, and anxiety/depression. Understanding inflammatory signaling in microglia is critical for advancing treatment options. Studying rodent-derived microglia has yielded substantial information, yet, much remains to better understand inflammatory signaling in human microglia. Hence, there is great interest in developing immortalized human microglial cell lines. The C20 human microglial cell line was recently developed and our primary objective was to advance our knowledge of inflammatory signaling in these cells.
INTRODUCTION
Microglia are resident macrophages in the central nervous system (CNS) and are essential to brain physiology; but also, they are instrumental in response to injury and infection in the CNS (See Wolf et. al. [1] for review). Microglia constantly survey their local environment and respond to extracellular cues (e.g., ATP) to maintain homeostasis [2, 3] . Other specific physiological functions of microglia include removal of dead neurons and cellular debris [2, 3] , synaptic pruning [4] , and regulation of synaptic connectivity and plasticity [5] [6] [7] . Microglia are also integral to innate immunity and are instrumental in neuroinflammation [8, 9] . For instance, activated microglia release of pro-inflammatory mediators including, cytokines [e.g., interleukin (IL)-1β, [10,11] , chemokines (e.g., monocyte chemoattractant protein-1/CCL2, interferon-γ inducible protein 10/CXCL10) [11] [12] [13] and reactive oxygen species [14, 15] . Microglia also modulate the inflammatory response by releasing anti-inflammatory cytokines such as IL-10 [16] and transforming growth factor (TGF)-β [17] . Controlled neuroinflammation is neuroprotective [18] , however, excessive or chronic neuroinflammation is neurotoxic, it contributes to neurodegeneration, and disrupts neuronal function [1] . For instance, microglial activation and neuroinflammation are present in neurodegenerative diseases, CNS infection and trauma, as well as psychiatric disorders. Indeed, emerging evidence suggests pharmacological modulation of microglia may be beneficial in treating certain CNS disorders [19] [20] [21] [22] .
Much has been discovered about microglia function, including inflammatory signaling, using in vitro approaches with primary cell cultures and transformed cell lines [23] [24] [25] . Significant insights have been obtained about inflammatory signaling using either primary rat or mouse microglia [26] [27] [28] [29] or transformed cell lines such as BV-2 murine microglial cells [26, [28] [29] [30] . While many of the findings have been observed in primary human microglia [14, 31, 32] , not surprisingly, there have been differences observed [24] . For example, bacterial lipopolysaccharide (LPS) and interferon-γ (IFNγ) are potent inducers of inflammatory signaling (e.g., cytokine/chemokine expression) in both mouse and human microglia [29, [32] [33] [34] , whereas, IL-1β activates human, but not mouse microglia [10, 11, 35, 36] . The lack of responsiveness of mouse microglia to IL-1β stimulation is likely a consequence of very low IL-1 receptor (IL-1R) expression [36] .
Therefore, while there has been a wealth of knowledge obtained about rodent-derived microglia, it remains critical to better understand inflammatory signaling in human microglia. Primary human microglia (fetal and adult) remain a necessary tool, but they are relatively difficult and expensive to obtain and use, thus, only a limited number of research groups have access, funds, and expertise to extensively use this approach. Primary human microglia are commercially available (e.g., ScienCell Research Laboratories, cat. #HM-1900) however, they are often in limited supply or not in stock. Therefore, there is increasing interest in immortalized human microglial cell lines as sustainable tools for studying microglia function [37] [38] [39] . The importance of human microglial cell lines extends beyond basic understanding of microglia function but also these cell lines serve as a platform for investigating the effects of pharmacologic agents on microglia, with an eye toward drug development.
Recently, a novel, immortalized human microglial cell line (C20) was introduced to the field; the cells maintain microglial morphology, express multiple cell surface microglia markers, and express proinflammatory cytokines following stimulation with tumor necrosis factor-α (TNFα) [37] . We are particularly interested in IL-1β-induced inflammatory signaling in microglia due to the established role of IL-1β in neuroinflammation [40] [41] [42] [43] . Interestingly, most studies utilize LPS and/or IFNγ to stimulate microglia in vitro; and to a large extent this is because most in vitro studies utilize rodent cells and these are the stimuli to which they respond. Therefore, the primary objective of our investigation was to advance our knowledge of IL-1β-induced inflammatory signaling in human microglia using C20 human microglial cells.
METHODS

Cells
C20 human microglial cells were obtained from David Alvarez-Carbonell, PhD (Case Western Reserve University) and details pertaining to the generation of this cell line were recently reported [37] . Briefly, these investigators obtained human microglia from ScienCell Research Laboratories, Carlsbad, CA (Cat# HM1900) and then immortalized the cells using simian virus 40 large T antigen and hTERT (to facilitate expression of human telomerase reverse transcriptase) [37] . The C20 cells that we obtained were confirmed to be of human origin by the Human Identity Testing Laboratory at Oklahoma State University Center for Health Sciences, which utilized the PowerPlex® 21 System (Promega, Madison, WI), a multiplex short tandem repeat system for human identification, as previously described [44] . For our experiments, cells were used at passages 5-10 and were either seeded in 24-well plates (1 × 10 5 cells/well) or in 100 mm dishes (3 × 10 6 cells) depending on the experiment and cultured in growth medium [Dulbecco's Modified Eagle Medium/Ham's F-12 50/50 mix supplemented with 2.5 mmol/L L-glutamine (Corning 10-090-CV), 10% fetal bovine serum (Atlanta Biologicals S11550), and 1% penicillin/streptomycin (Lonza 17603E)] until 90% confluent (4-5 days). Medium was replaced with serum-free medium (SFM) 24 h prior to stimulation. Normal human astrocytes (NHA, ScienCell, #HA1800) were maintained as previously described [45] .
Stimulus
C20 were stimulated in SFM containing either LPS (E. coli K12, 1 µg/mL; InvivoGen, San Diego, CA) or human recombinant IL-1β (20 ng/mL; Peprotech, Rocky Hill, NJ) for 10 min -24 h depending on the specific experiment; whereas, NHA were stimulated with IL-1β (3 ng/mL) for 24 h in the single study in which they were used. Details regarding the number of independent experiments and replicate treatments within each experimental run are provided in the figure legends.
Expression of microglial marker
While the precise function of transmembrane protein 119 (TMEM119) has yet to be determined, it is increasingly recognized as a reliable marker of human microglia that discriminates microglia in the brain from blood-derived macrophages [46] [47] [48] [49] . We assessed TMEM119 expression by western blot analysis and fluorescent immunocytochemistry. For western blot analysis, whole cell lysates were collected from unstimulated and IL-1β-stimulated C20 cells (cultured in 100 mm dishes), using Triton X-100 lysis buffer (50 mmol/L Tris-HCl, 150 mmol/L NaCl, 10% glycerol, 1% Triton X-100) containing MS-SAFE protease/ phosphatase inhibitor (Sigma-Aldrich). Briefly, cells were rinsed with cold phosphate buffered saline (PBS), then lysed in 300 µL of lysis buffer and collected into 1.5 mL tubes. The lysates were then incubated on ice for 45 min with intermittent mixing by inversion. Lysates were centrifuged for 10 min at 20,800 × g and 4 °C. The supernatant, containing whole cell protein was then collected and stored at -80 °C. Thirty micrograms of total protein were loaded on 7.5% polyacrylamide gels (BioRad TGX FastCast Acrylamide kit, #161-0171), electrophoresed and then transferred to polyvinylidene difluoride (PVDF) membrane. Membranes were then incubated at 4 °C for 15-18 h with rocking. Membranes were blocked with 5% bovine serum albumin (BSA) for 2 h prior to incubation with antibodies. Primary antibodies included, anti-TMEM119 (1:100, Sigma #HPA051870), anti-glial fibrillary acidic protein (GFAP; 1:5000, Millipore #MAB360), and anti-β-tubulin (1:1000, Cell Signaling #2146S). Anti-rabbit IgG, AP-linked (1:1000, Cell Signaling #7054S) was used as the secondary antibody. Whole cell lysates from NHA were used for comparison. Restore western blot stripping buffer (Thermo Scientific #21059) was used to remove antibodies and allow for re-labelling of membranes. The blots were scanned in a phosphoimager Typhoon 9410 (GE Healthcare, Uppsala, Sweden) using Amersham ECF Substrate #RPN-5785, and Image J (National Institutes of Health) was used for densitometric analysis.
TMEM119 expression was also assessed by fluorescent immunocytochemistry. Briefly, C20 cells were seeded on glass coverslips in 6-well dishes and cultured as described above until 70%-80% confluent. Following the treatment period (24 h), cells were washed three times with PBS then fixed in 4% paraformaldehyde for 15 min. Cells were washed with PBS and then incubated in blocking buffer (1% BSA in PBS) overnight at room temperature. Cells were then incubated in anti-TMEM119 (1:500 in PBS containing 0.5% BSA, Sigma #HPA051870) overnight at 4 °C with rocking. After washing with PBS, cells were incubated for 2 h in Alexa Fluor® 488 donkey anti-rabbit antibody (1:3000 in PBS containing 0.5% BSA; Life Technologies #A-21206). Cells were washed again with PBS, treated with 300 nmol/L 4 ′ ,6-diamidino-2-phenylindole (DAPI; Sigma) without rocking for 15 min at room temperature, then washed in PBS prior to mounting in Prolong Gold anti-fade reagent (Invitrogen; Eugene, OR).
Cytokine/chemokine expression
Levels of secreted CXCL10, CCL2, and IL-6 were measured in the culture medium using standard dualantibody solid phase immunoassay (ELISA) kits purchased from Peprotech. Cytokine/chemokine concentrations were normalized to total cellular protein levels, which were determined using the bicinchoninic acid protein assay as previously described [50] .
Expression of inflammatory signaling molecules
Induction of inflammatory signaling was determined by measuring phosphorylation of inhibitory kappa B alpha (IκBα), and p38 mitogen-activated protein kinase (p38 MAPK) in cytoplasmic fractions; and phosphorylation of nuclear factor (NF)-κB p65 in nuclear fractions. More specifically, after experimental treatments, cells in 100 mm dishes were washed twice with PBS and nuclear and cytoplasmic protein extracts prepared as previously described [51] , with the exception of including 1 mmol/L sodium orthovanadate (Sigma, #450243) in the lysis buffers. Thirty micrograms of total protein were loaded on 7.5% polyacrylamide gels (BioRad TGX FastCast Acrylamide kit, #161-0171), electrophoresed and then transferred to PVDF membrane. Membranes were then incubated at 4 °C for 15-18 h with rocking. Primary antibodies included anti-phospho-IκBα (1:100, Cell Signaling #2859S), anti-IκBα (1:1000, Cell Signaling #4812S), antiphospho-p38 (1:500, Cell Signaling #9215S), anti-p38 (1:1000, Cell Signaling #9212S), anti-phospho-NF-κB p65 (1:1000, Cell Signaling #3033S), anti-NF-κB p65 (1:1000, Cell Signaling #4764S), and anti-β-tubulin (1:1000, Cell Signaling #2146S). Anti-rabbit IgG, AP-linked (1:1000, Cell Signaling #7054S) was used as the secondary antibody and restore western blot stripping buffer was used to remove antibodies and allow for relabelling of membranes. The blots were scanned and analyzed as described above in the section on microglia marker expression.
Statistical analyses
Prism version 7.0 software (GraphPad Inc., San Diego, CA) was used for figure presentation and statistical analysis. Analyses included one-way analysis of variance (ANOVA), followed by Tukey's multiple comparisons test. In those instances where data did not exhibit homogeneity of variance (P < 0.05 for Bartlett's test), data were log-transformed prior to analysis. Data are presented as mean ± SEM (n = 4-7) and P < 0.05 indicated statistically significant differences between groups.
RESULTS
Expression of microglial marker
TMEM119 was robustly expressed in IL-1β-treated C20 cells as indicated by a strong band at ≈ 29 kDa [ Figure  1 Top]. Whereas, TMEM119 was not detected in either unstimulated C20 cells or in NHA by western blot analysis. As expected, the astrocyte marker, GFAP was expressed in NHA, but was not detected in C20 cells.
Using fluorescent immunocytochemistry we confirmed our western blot findings that IL-1β-treated C20 cells express TMEM119 [ Figure 1 Bottom]. This immunocytochemistry approach revealed that TMEM119 is also expressed in unstimulated C20 cells. In both unstimulated and IL-1β-stimulated cells, TMEM119 was detected predominantly in the cytoplasmic and/or cell membrane regions [ Figure 1 Bottom]. Consistent with the western blot findings, TMEM119 expression was more pronounced in the IL-1β-treated C20 cells compared to unstimulated cells.
Cytokine/chemokine expression C20 cells constitutively expressed only minimal amounts of CXCL10, CCL2, and IL-6 [ Figure 2 ]. However, stimulation with IL-1β significantly (P < 0.0001) induced expression of CXCL10, CCL2, and IL-6. In contrast to IL-1β, LPS induced only a minimal, yet significant (P < 0.01), increase in CCL2 expression, and did not significantly (P > 0.05) affect CXCL10 or IL-6 expression.
Expression of inflammatory signaling molecules
Levels of phosphorylated IκBα in the cytoplasm were significantly (P < 0.0001) increased after 10 min IL-1β exposure, remained elevated out to 60 min, but were beginning to drop toward baseline levels [ Figure 3 ]. IκBα was constitutively expressed, with levels significantly (P < 0.0001) reduced 10 min after IL-1β treatment. IκBα expression remained significantly (P < 0.001) reduced 30 min after stimulation, but increased back to baseline levels by 60 min. 
C20
The expression of phospho-p65 in the nucleus rapidly increased within 10 min in response to IL-1β treatment (P < 0.0001), before declining to baseline levels by 30 min [ Figure 4 ]. Constitutive expression of p65 in the nucleus of C20 cells was evident and levels remained unchanged (P = 0.37) throughout the 60 min exposure to IL-1β.
Phosphorylation of p38 in the cytoplasm occurred rapidly following treatment with IL-1β as indicated by a significant (P < 0.0001) increase in phospho-p38/p38 after 10 min [ Figure 5 ]. The levels of phospho-p38 then rapidly declined by 30 min (P < 0.05), and returned to baseline by 60 min (P = 0.19). Constitutive expression of p38 in the cytoplasm of C20 cells was robust and the expression levels remained constant (P = 0.58) throughout the 60 min exposure to IL-1β.
DISCUSSION
Microglia are a key component of the innate immune system with critical roles in response to injury and infection [1] . Furthermore, microglia are instrumental in neurodevelopment and physiological functions necessary for maintaining CNS homeostasis [52] . Microglia have been implicated in a multitude of CNS disorders, and modulation of microglia function has emerged as a potential therapeutic strategy [8] . Figure 2 . Cytokine/chemokine expression in C20 human microglial cells. C20 cells were exposed to media alone (unstimulated; Unstim.) or media containing either lipopolysaccharide (LPS) (1 µg/mL) or interleukin-1β (IL-1β) (20 ng/mL) for 24 h. CXCL10, CCL2, and IL-6 levels in the culture medium were determined by ELISA and normalized to total cellular protein (as determined by the bicinchoninic acid method). Data represent mean ± SEM (n = 4-7). Bars with different letters are significantly different (P < 0.01) as determined by one-way ANOVA and Tukey's pairwise comparisons Figure 3 . Interleukin-1β (IL-1β)-induced inhibitory kappa B alpha (IκBα) activation in C20 human microglial cells. C20 cells were exposed to media alone (unstimulated; US) or media containing IL-1β (20 ng/mL) for 10-60 min. Western blot analysis was used to measure levels of p-IκBα, IκBα, and β-tubulin in cytoplasmic protein extracts. The blots presented are representative of independent experiments (n = 4-5) and the data represent mean ± SEM. Bars with different letters are significantly different (P < 0.05) as determined by one-way ANOVA and Tukey's pairwise comparisons Among the very few immortalized human microglial cell lines available for use is the C20 human microglial cell line recently developed by Garcia-Mesa et al. [37] . These investigators utilized RNA sequencing to confirm the microglial phenotype of C20 cells and they demonstrated that these cells maintain migratory capacity and phagocytic activity characteristic of microglia [37] . Furthermore, C20 cells express numerous microglial surface markers, including cluster of differentiation (CD)11b, CD68, TGFβ receptor (TGFβR), and the P2 purinergic receptor, P2RY12, as indicated by immunofluorescence and flow cytometry [37] . While CD11b + macrophages are also present in peripheral tissues [55] , TGFβR and P2RY12 have been suggested to be microglial specific [56, 57] . TMEM119 has also recently emerged as a microglia marker capable of discriminating between resident microglia and peripheral macrophages [46, 47] , yet the functional importance of this protein remains to be elucidated. We have demonstrated for the first time that C20 cells express TMEM119. Interestingly, TMEM119 protein expression was greatest in C20 cells that were stimulated with IL-1β. While we did detect very small amounts of TMEM119 in unstimulated C20 cells during preliminary experiments, a substantial amount of total protein had to be loaded into the gels in order to achieve these results. Whereas, when 30 µg of protein from unstimulated C20 cells were electrophoresed, we did not detect TMEM119. Further investigation is warranted to fully appreciate the expression profile of TMEM119 at the mRNA and protein levels; and the modulatory influence of proinflammatory mediators. Additional insights into the expression profile and functional role of TMEM119 in microglia are therefore needed and C20 cells may prove to be a useful tool in this line of investigation.
Minutes Minutes Minutes
Previously, during the initial characterization of this cell line, C20 cells were found to secrete proinflammatory cytokines following stimulation with TNFα [37] . We have added to these findings and advanced our understanding of inflammatory signaling in C20 cells. More specifically, we provide the first evidence that IL-1β potently induces expression of CXCL10, CCL2, and IL-6 in C20 cells. We have also demonstrated that LPS differentially affects expression of these inflammatory mediators as evidenced by stimulation of CCL2 expression, but not CXCL10 or IL-6. Overall, it is clear that IL-1β is a much more effective inducer of cytokine/ chemokine expression in C20 cells compared to LPS. In contrast, mouse microglia (including the BV-2 cells) are very responsive to LPS, but not to IL-1β due to the absence of IL-1R expression [36] . IL-1β levels are elevated in a range of CNS disorders and this proinflammatory cytokine has been implicated as a key mediator of neuropathology [40] . Thus, it is fundamentally important to fully understand IL-1β-induced inflammatory signaling in human microglia. Furthermore, advancing our understanding of these signaling events in C20 human microglia is critical for developing this research tool. Secretion of CXCL10, CCL2 and IL-6 by C20 microglia in response to IL-1β exposure is a functionally relevant endpoint measure given both the important neurophysiological and neuropathological roles of these cytokines/chemokines. For instance, CXCL10 is initially neuroprotective in viral infections [58] , but can also contribute to neuropathology as evidenced in human immunodeficiency virus (HIV)-induced dementia [59, 60] . CXCL10 also plays a role in neuropathology associated with traumatic brain injury (TBI) [61] , and emerging data suggest CXCL10 is involved in sickness behavior [62] . CCL2 functions as a chemotactic cytokine, activating and directing migration of numerous cell types [61] ; and it is increasingly evident that increased levels of this chemokine in the brain contribute to neuropathology of HIV-dementia, AD, ischemia, epilepsy, and TBI [61] . The cytokine IL-6 acts in the hypothalamus as a regulator of metabolism [63] and has gained attention for its involvement in autism [64] , major depression [65, 66] , and neurodegenerative diseases [67] [68] [69] . Therefore, C20 microglia are expected to be a useful tool in discovery of pharmacologic agents that may modulate microglial activation and subsequent release of proinflammatory factors.
We also provide the first evidence that IL-1β induces activation of key proinflammatory signaling molecules in C20 cells, including IκBα, NF-κB p65, and p38 MAPK. The importance of these signaling molecules in microglia activation is well established and these proteins are viable targets for pharmacologic modulation of inflammation [29, 34, [70] [71] [72] [73] . Therefore, by demonstrating that these signaling pathways are functional in C20 cells, it is expected that these cells will be instrumental in the identification and characterization of novel pharmacologic agents intended to alter microglial function.
In conclusion, we have determined that IL-1β-activated C20 microglia express the microglia specific marker TMEM119. Additionally, we have provided the first evidence that IL-1β induces activation of IκBα, NF-κB p65, and p38 MAPK and subsequent secretion of CXCL10, CCL2 and IL-6 in C20 human microglia. These findings support the use of this human microglial cell line as a research tool to advance our understanding of microglia function and for the development of pharmacotherapies targeting a range of neuropathologies.
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